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SUMMARY  - Final  Technical  Report,  AFOSR  74-2726 

Energy  spectra  of  Ions  formed  by  field  Ionization  at  single  atomic 
surface  sites  are  studied.  Information  relevant  to  the  configurational  and 
energy  structure  of  the  surface  are  contained  In  the  energy  spectra.  In 
particular,  the  work  has  applications  to  the  study  of  surface  defects,  multl- 
composltlcnal  surfaces  and  catalysis.  The  appropriate  energy  and  spatial 
resolutions  are  provided  by  the  combination  of  a 12-lnch  radius  magnetic 
analyzer  with  a fleld-lon  microscope  as  an  Ion  source.  Tha  ileld-lon  micro- 
scope provides  Ions  Imaged  to  a magnified  representation  of  the  surface  so 
that  emissions  from  single  atomic  sites  are  resolved.  The  magnetic  analyzer 
acts  as  a high  resolution  differential  energy  analyzer  to  determine  the 
energy  spectra. 

Erperiments  and  theory  Indicate  that  features  of  the  energy  distribu- 
tions are  related  to  the  band  structure  of  the  metal  above  the  Fermi  level 
and  other  surface  properties  such  as  the  reflectivity  for  electron  scattering. 
This  is  hence  a corollary  technique  to  field  emission  spectrometry  which  Is 
limited  to  energies  below  the  Fermi  level.  Energy  distributions  \re 
systematically  measured  as  a function  of  position  on  the  surface  and  the 
effects  of  various  imperfections  and  defects  explored.  This  technique  also 
has  implications  for  study  of  alloy  surfaces.  Details  of  these  implications 
can  be  found  In  the  original  proposal. 

The  Instrumentation  has  been  designed  and  constructed  to  accommodate  the 

experiments  discussed.  The  vacuum  system  achieves  pressures  on  the  order 
-9  -10 

of  10  to  10  Torr.  In  addition  to  the  differential  analysis  capability 
of  the  magnetic  sector,  a high  resolution  retarding  lens  system  allows  for 
Integral  energy  analysis  of  the  ion  beams.  The  retarding  analysis  is 
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particularly  uaeful  In  detemlnlng  the  abaolute  energy  scale  of  spectra. 

The  magnetic  analyzer  Is  field  regulated  to  provide  field  stabixlty  to 
better  than  a part  In  10^.  The  data  acquisition  Instrumentation  Includes 
a pulse  counting  system,  a multiscaler,  and  a custom  designed  synchronized 
voltage  sweep  system  as  well  as  conventional  Integrating  readouts. 

The  field  Ion  Image  la  optically  coupled  to  an  image  Intenslfler  with 
optical  gain  of  up  to  10^.  This  allows  for  simultaneous  viewing  of  the 
field  Ion  Image  and  measurement  of  the  Ion  energy  distribution  with 
unambiguous  Identification  of  the  region  of  the  surface  monitored.  The 
entire  source  end  of  the  Instrument  Is  cryogenically  cooled  to  liquid 
hydrogen  or  helium  temperatures.  Further  Instrumental  details  are  contained 
In  the  Instrumentation  section  of  this  report. 

Experiments  have  been  performed  with  hydrogen  as  the  Imaging  gae  and 
tungsten  as  the  fleld-lon  emitter.  The  results  show  the  secondary  peak 
structure  previously  observed.  Data  acquisition  Is  perfoiTned  by  pulse  sto- 
rage techniques  resulting  In  an  enhanced  signal  to  statistical  noise  ratio. 
Further  data  is  given  demonstrating  instrument  resolution  capabilities  when 
used  as  a differential  analyzer. 

A study  of  the  relation  between  distribution  onsets  and  sample  gas 
Ionization  potential  has  been  made.  A linear  relationship  between  the 
Ionization  potential  and  energy  onset  of  the  parent  Ion  In  field  Ionization 
was  substantlatfid.  The  results  have  Implications  for  determining  energetics 
of  surface-gas  Interaction  on  energy  spectra.  In  addition,  this  suggests  a 
new  technique  for  measuring  appearance  potentl'ils  of  substances  that  are 
lnvolatl.1  izable  or  fragment  extensively  by  conventional  techn.’ques. 
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A further  paper  has  been  submitted  for  publication  entitled  "Energy 
Spectra  of  Organic  Molecules  in  Field  Ionization"  which  further  explores 
the  relation  b<_tween  the  imaging  gas  structure  and  energy  spectra.  This 
paper  is  included  as  :he  Appendix. 

Field  ionization  energy  analysis  promises  to  be  a very  useful  tool  in 
the  study  of  surfaces.  In  particular  it  appears  to  be  a method  that  can 
give  information  about  the  surface  on  a microscopic  scale. 
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I.  INTRODUCTION 

This  Is  the  final  technical  report  under  grant  AFOSR  7A-2726,  "Characterization 
of  Surfaces  on  an  Atonic  Scale  by  Flel^i  lonlza' ion  Energy  Spectra",  begun 
May  13,  197A.  The  second  section  of  the  report  discusses  the  current  theoret- 
ical and  experimental  situation  In  the  literature  updating  the  references  In 
our  original  proposal.^  The  third  section  discusses  some  Instrumental  aspects 
of  the  work  while  the  fourth  section  details  experimental  progress. 

The  project  was  undertaken  to  study  the  energy  spectra  of  Ions  produced 

In  a high  electric  field  near  a surface.  This  phenomenon,  known  as  field  lonl- 

2 

zatlon.  Is  utilized  In  the  fleld-lon  microscope  to  produce  a highly  magnified 
representation  of  a surface  and  hence,  obtain  microscopically  detailed  Informa- 
tion on  surface  structure  and  processes.  In  this  project.  Investigation  of 
Information  Inherent  In  the  fleld-lon  microscope  Is  extended  and  supplemented 
by  additionally  exploring  the  energy  spectra  of  field  ions,  with  particular 
effort  toward  resolving  events  occurring  above  single  surface  atoms.  Theoret- 
ical considerations  and  preliminary  experimental  results  Indicate  that  field 
Ionization  energy  spectroscopy  Is  a promising  technique  for  surface  studies. 

We  are  developing  the  technique  and  obtaining  results  for  systems  of  Interest. 

In  particular.  It  Is  believed  that  the  results  of  this  study  will  aid  In 
specifying  local  atomistic  structure  of  defects  and  Imperfections  on  the 
surface  of  metal  crystals. 

The  grant  period  of  one  year  has  been  devoted  mainly  to  development  of 
techniques  and  refinement  of  Instrumentation.  Progress  has  been  made  In  speci- 
fying and  obtaining  energy  distributions  from  small  areas  of  the  surface.  The 
data  obtained  Is  under  analysis.  In  addition,  work  has  been  completed  on 
meaoiirements  relating  the  onset  energies  of  the  spectra  to  the  Ionization  po- 
tential of  the  imaging  gas  and  these  results,  constituting  two  papers,  are 
to  be  published. 
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H.  CURRENl  THEORE'^'^CAL  AND  EXPERIMENTAL  SITUATION 

We  have  proposed  the  energy  spectra  technique  as  a means  of  investigating 

band  structure  above  the  FermA  level  in  metallic  samples^  and  have  published 

13  4 

results  which  were  thus  interpreted.  * Recently  Utsumi  and  Smith  have  ob- 
tained similar  results  by  a retarding  technique  with  an  expanded  interpretation 
of  the  spectra.  These  results  show  that  the  field  ionization  spectra  are  de- 
tailed and  are  a function  of  surface  conditions  and  structure. 

Work  by  Appelbaum^  lends  support  to  our  contention  that  the  details  of 
secondary  peaks  in  the  energy  distributions  are  measures  of  electron  scat- 
tering by  the  crystal.  Using  LEED  data  and  a semi-emplr leal  approach  Appelbaum 
has  been  able  to  obtain  a good  fit  to  experimental  data.  In  addition  to 
measuring  the  electron  reflection  coefficient  the  energy  spectra  are  found 

to  determine  the  phaie  of  the  reflection  coefficient. 

6,7 

MUller  and  coworkers  have  recently  obtained  results  on  the  secondary 
structure  which  verify  our  observations.  In  this  work  the  ionization  rate  is 
measured  as  a function  of  energy  deficit  by  optical  monitoring  of  a channel 
plate  electron  multiplier. 

8 9 

Hanson,  Humes,  and  Inghram  and  Hanson  have  investigated  the  energy 
distributions  of  mulecular  hydrogen  Isotopes.  In  particular,  they  have 
found  interesting  effects  due  to  molecular  rotation  after  ionization.  This 
study  is  of  particular  inte: ust  to  us  because  it  allows  distinction  between 
molecular  effects  and  effects  due  to  the  surface,  thus  clarifying  the  inter- 
pretation of  results  using  hydrogen  as  imaging  gas. 
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INSTRUMENTATION:  It  was  felt  appropriate  to  describe  the  instrumentation 

unique  to  this  project. 

A.  General 

A 12  ' radius  of  curvature,  60  degree  magnetic  sector  mass  spectrometer 
has  been  constructed  for  use  as  a maes  analyzer  and  as  an  ion  energy  analyzer. 

Figure  1 shows  the  instrument  and  some  of  the  accompanying  electronics.  Fig- 
ure 2 gives  a schematic  diagram  of  the  instrument.  The  vacuum  system  for 
the  instrument  is  constructed  of  stainless  steel  and  inconel  and  is  entirely 
bakeable.  The  system  is  pumped  statically  with  ion  pumps.  A turbomolecular 
punp  is  used  for  rough  pumping  and  to  aid  in  differentially  pumping  high 
sample  loads.  The  system  routinely  achieves  pressures  of  lO”^  to  lO”^^ 

Torr. 

The  emitter  is  mounted  on  moveable  gimbals  with  ruby  ball  bearings.  I 

I The  gimbals  are  micrometrically  adjustable  through  a bellows  sealed  linkage 

from  outside  the  vacuum  system.  Figure  3A  shows  the  glmbal  mount.  The 
field-ion  image  is  formed  on  a fluorescent  screen  attached  to  the  beam  de- 
j fining  aperture  of  the  ion  lens  system.  Hole  sizes  on  the  order  of  a size 

I of  the  image  of  a single  surface  atom  can  be  used  for  thie  aperture. 

Ion  Optica  and  Energy  Analysis 

The  ion  lens  system  is  shown  in  Figures  3D  through  3G.  Figure  3F  shows 
the  complete  ion  lens  system  and  the  entrance  slit  to  the  mass  spectrometer. 

The  entrance  slit,  adjustable  from  outside  the  vacuum,  is  at  the  top  of 
Figure  3F.  An  electric  quadrupole  doublet  lens  system,  shown  in  the  lower 
part  of  Figure  3F  astlgmatlcally  focuses  the  circular  ion  beam  onto  the 
entrance  slit  of  the  magnetic  analyzer  or  of  the  retarder  lens.  Figure  3G 
shows  the  ion  lens  system  mounted  on  the  Instrument.  The  retarding  energy 


Fig.  2 Schenatlc  diagram  of  magnetic  analyzer 
Hhowing  major  Inatrumental  features. 
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Pig*  3A  Gimbals  mount  for  field 
ionization  source.  The  gimbals 
give  two  degrees  of  rotational 
freedom  so  that  any  point  of  the 
field  ion  image  can  be  directed  onto 
the  entrance  aperture. 


F1£.  3B  Exit  slit  assembly  of  magnetic  analyzer. 
In  audition  tc  the  exit  slit  the  assembly  features 
a retarding  lens  system  and  a "single  collector". 


Fig.  3C  20  stage  electron  multiplier 
The  multiplier  is  a box  and  grid  20 
stage  electron  multiplier.  The 
dynodes  are  fabricated  from  a copper- 
beryllium  alloy. 


analyzer  is  between  the  quad^pole  lens  and  the  analyzer  entrance  slit. 

The  retarding  lens  system  Is  shown  alone  in  Figure  3D.  thick  center  i 

electrode  defines  the  retarding  plane  and  it  also  contains  an  electron  bom- 
bardment source  used  for  instrument  calibration,  measuicment  of  background 
composition  and  work  with  neutral  beams.  The  electron  bombardment  source  *s 
shown  in  greater  detail  in  Figure  3E. 

The  elements  of  the  lens  are  shielded  by  several  guard  rings  which 
constitute  eight  of  the  electrodes  seen  in  Figures  3D  and  3F.  The  quadrupole- 
f liter  lens  assembly  is  mounted  on  a common  frame  and  rigidly  aligned  with 
the  analyzer  entrance  slit  to  better  than  0.001  inch. 

Ions  entering  the  retarding  lens  with  an  energy  - AE  (where  is  the 

potential  of  the  emitting  surface  and  AE  is  the  "energy  deficit"  from  this 
potential)  are  brought  to  a low  energy  im%ge  on  the  retarding  plane  and  are 
transmitted  through  the  plane  if  their  energy  is  greater  than  the  potential 
of  the  plane.  Transmitted  ions  are  then  accelerated  by  the  upper  segment  of 
the  lens  and  focused  on  the  magnetic  analyzer  entrance  slit.  The  beam  geome- 
try through  the  quadrupole  doublet  and  retarding  lens  is  Illustrated  in  Figure 
4.  The  potentials  of  the  electrodes  labeled  "focus"  determine  beam  conver- 
gence. The  design  of  the  a’.ialyzer  has  proceeded  from  the  work  of  Soa^^  on 
the  three  element  Immersion  lens  and  subsequent  development  of  the  "filter 
lens"  by  Simpson. In  short,  the  lens  consists  of  two  Immersion  lenses  back 
to  back;  since  a focused  beam  would  be  obtainable  from  zero  energy  ions 
originating  at  the  retarding  plane  the  coiiverse  motion  is  possible,  l.e. 
retardation  of  the  quadrupole  image  to  a zero  etergy  image.  Ions  passing 
through  the  retarding  plane  are  then  accelerated  and  refocused  onto  the  mag- 
netic analyzer  slit  by  an  Immersion  lens  operated  in  standard  configuration. 

Beam  coherency  is  greatly  aided  by  the  small  emitter  size  which  eliminates 
abberation  factors.  Alignment  and  electrode  spacing  are  critical  to  proper 
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Fig.  4 Schematic  drawing  of  ion  lens  system  and  beam  profile 
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Functioning,  hence  ruby  ball*  poalcloned  In  accurately  jig  bored  holes  are 
used  as  clement-  spacers.  The  energy  resolution  of  the  device  Is  j iml.cd  about 
equally  by  the  potential  s.:ddle  formed  at  the  retarding  plane  and  optical- 
transmission  effects  to  approximately  1/10,000. 

These  effects  also  limit  the  energy  range  of  the  retarder.  However, 
th'  effective  range  Is  more  severely  limited  by  the  (adjustable)  bandpass 
of  the  magnetic  analyzer.  Because  of  this  and  the  Inherent  limitations  of 
Integral  analysers  In  resolving  small  differential  Intensity  changes,  the  use 
of  the  retarder  la  restricted  mainly  to  calibration  of  the  energy  of  some 
prominent  feature  Df  the  spectra.  By  contrast,  the  differential  analysis 
provlo'd  by  the  magnetic  analyzer  gives  much  better  distribution  detail  over 
a wide  energy  range  with  similar  resolution.  The  value  of  differential 
analysis  Is  to  emphasized;  retarding  analysis  Is  Inadequate  for  observing 
details  In  energy  spectra  as  has  been  exemplified  In  many  Instances. 

After  passing  through  the  magnetic  analyzer,  the  Ions  pass  through  the 
exit  silt  of  the  macs  spectrometer.  The  exit  silt  Is  rotatable  from  outside 
the  vacuum  system.  This  rotation  allows  for  alignment  of  the  entrance  and 
exit  silts  for  maximum  resolution  and  transmission.  This  feature  Is  unique 
to  this  Instrument.  Rotation  Is  accomplished  by  a bellows  sealed  linear  mo- 
tion feedthrough  via  a linear  bearing  and  converted  to  rotation  about  the 
beam  axis  by  a wedge  fastened  to  a spring  loaded  stage  free  to  move  on  a 
ruby  ball  race.  The  exit  silt  assembly  shown  In  Figure  3B  also  contains  a 
"single  collector"  for  direct  measurement  of  the  Ion  beam  current.  In  addi- 
tion, there  Is  a second  retarding  energy  analyzer  for  analyzing  the  Ion  beam 
after  passing  through  the  magnetic  sector.  This  has  distinct  advantages  In 
certain  situations  and  verifies  the  results  of  the  analyzer  In  the  source 
region. 
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C.  Output 


The  ion  beam  is  then  Incident  upon  a 20  stage  copper-beryll^um  dynode 
electron  muitipllet  shovm  In  Figure  3C.  The  dynode  holders  ere  co.istructsd 
of  annealed  iOZ  Iron  - 50Z  nickel  alloy  for  magnttlc  shielding „ The  dynodes 
were  ac  :lvated  to  give  a controlled  beryllium  oxi  ’e  surface  layer  which  glvos 

Q 

the  electron  multiplier  ex'ellent  stability  and  a gain  of  about  10  at  150 
volts/stage.  The  multiplier  as  well  as  the  Ion  lens  and  vacuxjm  chambers  were 
designed  and  constructed  by  the  principal  Investigators  and  the  Physics 
Department  shop  at  The  University  of  Alabama. 

The  magnet  of  the  differential  analyzer  Is  field  regulated  by  using  a 
rotatlng-coll  gaussmeter  for  Tlelu  sensing.  The  gaussmeter  output  Is  sig- 
nal-processed and  used  to  drive  a well  regulated  magnet  current  supply  built 
by  the  principal  Investigators.  The  field  stability  Is  better  than  a pavt 
In  10^. 


Ti.“  differential  energy  analysis  of  the  Ion  beam  Is  performed  using 
the  dispersion  of  the  magnetic  field.  Ion  energy  deficits  are  measured  by 
variations  of  the  Ion  acceleration  voltage  l.e.,  by  applying  a negative  po- 
tential to  the  positively  charged  tip.  The  tip  potential  can  be  as  high  as 
several  thousand  volts  and  the  negative  voltage  added  varies  from  0 to  100 
volts.  For  data  acquisition  the  negative  potential  added  Is  sychronlzed  by 
the  sweep  voltage  of  a multichannel  analyzer  (MCA)  operating  In  a multlscaler 
mode.  Hence,  the  energy  deficit,  AE,  Is  proportional  to  the  channel  number 
of  the  MCA  and  the  distribution  can  be  repeatedly  scanned  and  stored  In  the 
MCA.  This  gives  considerable  statistical  Improvement  In  the  data  as  well  as 
a convenient  data  format . 


To  accomplish  this  a special  electronics  unit  has  been  designed  and 
constructed.  A block  diagram  of  the  unit  Is  shown  In  Figure  5.  The  MCA 
operates  from  ground  potential  and  the  negative  voltage  to  be  added  to  the 
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acceleration  voltige  Is  referenced  to  the  tip  voltage,  hence  an  electrically 
isolated  DC  to  PC  converter  is  requir  'd.  It  was  convenient,  to  build  some 
other  operating  modes  Into  the  device;  voltage  sweep  with  variable  rate  and 
manually  variable  'oltage.  These  features  allow  data  to  be  taken  an 
X-Y  recorder  r.rd  for  rapid  uncalibrated  inspection  of  the  energy  deficit 
spectra  on  a time  base.  The  inputs  supply  0 - lOV  which  is  impedance  matched 
to  the  DC  to  AC  converter.  The  North  Hills  DF  3101  puts  out  a 0 to  5KHz 
pulse  rate  for  the  0 to  5 volts  input  and  drives  the  pulse  transformer  through 
an  emitter-follower  amplifier.  The  s condary  of  the  transformer  is  connected 
to  a vacuum  tube  one  shot  multivibrato  • and  then  to  a linear  ratemeter  which 
gives  a DC  voltage  proportional  to  the  pulse  'frequency.  The  output  of  the 
ratemeter  is  appropriately  divided  by  a lOOKO  Dekapot.  The  signal  is  then 
amplified  by  a DC  amplifier  of  low  output  impedance  with  gain  adjusted  so 
that  full  scale  output  is  100  volts.  Any  other  precision  output  full  scale 
can  then  be  selected  by  appropriate  setting  of  the  Dekapot  divider.  The  unit 
gives  better  than  IX  linear  relationship  between  input  and  output  voltages. 

The  same  system  used  for  the  differential  analysis  is  used  for  retarding 
analysis  except  that  the  varying  voltage  is  applied  to  the  retarding  plane 
electrode. 

In  either  mode  the  data  can  be  displayed  as  a DC  current  using  a vibrating 
capacitor  electrometer  to  measure  the  electron  multiplier  current.  A sweep 
generated  by  the  device  previously  discribed  is  used  to  drive  the  horizontal 
axis  of  an  X-Y  recorder  with  the  vertical  axis  driven  by  the  electrometer 
output. 

D.  Ion  Image 

The  field  ion  image  can  be  viewed  with  an  image  intenslfler  and  an 
optical  system.  The  field  ion  image  is  formed  on  a fluorescent  screen  in  the 


plane  of  the  entrance  aperture  to  the  quadrupole  lens.  This  image  is  then 

focused  on  the  photocathode  of  an  EMI  9694  image  Intenslfier.  For  optimal 

light  interception  it  is  desirable  to  have  the  first  lens  of  the  optical 
system  as  near  as  possible  to  the  field  ion  image.  This  necessitates  mount- 
ing a lens  in  the  cryogenic  fluid  near  the  viewing  window  at  the  bottom  of 
the  ion  source.  The  focal  oroperties  of  this  lens  will  be  affected  by  the 
cryogenic  fluids  used.  To  insure  appropriate  overall  focal  properties  a 
computer  program  was  written  that  would  solve  for  the  distances  and  focal 
lengths  of  a four  element  lens  system  subject  to  the  constraints  of  the 

experimental  system.  The  optical  system  and  the  dewar  are  shown  in  Figure 

6.  The  position  of  the  last  lens  in  the  system  is  adjustable  to  accomodate 
the  changes  in  the  first  lens'  focal  length.  The  overall  magnification  of 
the  system  is  about  1.5. 


E.  Cryogenic  System 


The  cryogenic  system  has  been  recently  imp] ‘•merited.  The  experimental 
dewar  was  especially  designed  and  constructed  by  us  (shown  in  Fig.  6).  The 
dewar  consists  of  two  reservoirs  with  a common  vacuum  and  indium  gasket 
sealed  windows.  The  header  shown  above  the  dewar  has  high  voltage  feed 
throvghs  and  a transfer  Interlock  as  well  as  pumping  ports  and  level  sensing 
leads.  The  heat  leak  to  the  cryogenic  fluid  is  minimised  by  dynamic  cooling 
of  the  spectrometer  flange  contiguous  to  the  dewar  with  liquid  nitrogen. 

Under  these  circumstan  :es  the  heat  input  to  the  fluid  is  approximately  two 
watts  with  a subsequent  boll  off  of  liquid  hydrogen  of  about  1/4  liter /hr. 
Liquid  helium  can  be  used  as  a coolant  but  sustains  a loss  rate  of  two  liters 
per  hour.  While  this  is  an  acceptable  static  loss  rate,  the  vaporization  of 
liquid  helium  in  cool  down  and  transfer  becomes  quite  expensive.  For  most 
experiments  liquid  hydrogen  is  preferable  to  liquid  helium.  The  necessity 
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for  substrate  cooling  has  been  extensively  discussed  in  terms  of  stability 
and  sample  purity. 


IV.  EXPERIKaiTAL  RESULTS 

A.  Instnim/ntal  Resolution 

Equipment  perff  nrance  is  demonstrated  in  Figure  7 which  plots  the  mass 
spectrum  of  ions  with  nomina'  mass  to  charge  ratio  of  28.  This  plot  was  ob- 
tained using  the  electron  bombatviment  source  to  produce  ions  from  residual 
gas  and  recorded  with  MCA  by  scanning  the  ion  acceleration  potential  as  pre- 
viously described.  The  figure  demonstrates  the  sensitivity  and  resolution 
capabilities  of  the  differential  analyzer;  the  energy  resolution  (equal  to 
the  mass  resolution)  is  better  chan  one  part  in  six  thousand.  A significant 
fraction  of  the  peak  width  is  due  to  an  Inherent  energy  spread  in  the  elec- 
tron beam  source.  The  total  pressure  in  the  spectrometer  v*as  in  the  10 
Torr  range,  thus  demonstrating  good  instrumental  sensitivity  in  view  of  the 
low  partial  pressure  of  the  components  of  the  mass  28  spectrum. 


B.  Observation  of  Secondary  Structure 


Figure  8 Illustrates  an  energy  distribution  for  hydrogen  as  imaging  gas 
I — a tungsten  substrate.  The  distribution  although  not  well  resolved  and 
taken  at  room  temperature  shows  the  secondary  structure  clearly.  The  lone 
originated  from  several  surface  atoms  on  a "rough"  area  off  the  110  nlane. 
The  ill  resolved  secondary  structure  is  characteristic  of  rough  areas;  a 
smooth  region  such  as  the  110  plane  produces  a greater  peak  to  valley  ratio. 
The  validity  of  this  conclusion  depends  on  surface  condition,  surface 
orientation  and  area  viewed. 


C.  Main  Peak  Structure 

The  main  peak  shows  structure  when  viewed  under  high  resolution.  Figure 
9 gives  a more  highly  resolved  energy  distribution  taken  with  retarding  analysis 
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under  poorly  specified  surface  conditions.  In  particular  this  result  does 
not  compare  directly  with  calculated  surface  or  bulk  density  of  states  for 
the  substrate  material.  Further  data  at  low  temperatures  will  better  speci- 
fy this  btruccure  which  Is  highly  specific  to  surface  location  and  condition. 

D.  Distribution  Onsets 

The  distribution  onsets,  determined  by  energetic  alignment  of  the 
Ionizing  atom  with  the  substrate  Fermi  level  should  occur  to  first  order  at 
an  energy  deficit  AE  - 1 - where  1 Is  the  Ionization  potential  and  i|i  Is 
the  work  function  of  the  surface  (experimentally  4>  becomes  an  Instrumental 
parameter  due  to  exact  cancellation  of  (j>  by  the  contact  potential  difference 
between  the  emitter  and  ground).  This  relationship  has  been  verified  ex- 
perimentally for  several  gases  In  Figure  10  where  a linear  relationship 
between  I and  onset  energy  deficit  Is  found. 

The  remarkable  Invariability  of  this  rule  Is  simply  due  to  the  fact 

that  the  energy  of  the  metal-lon  system  does  not  change  during  the  field 

Ionization  process.  The  Increase  In  the  metal  energy  due  to  addition  of  the 

tunneling  electron  is  matched  by  the  decrease  In  potential  energy  of  the 

Ion,  observed  as  the  energy  deficit.  Hence,  the  technique  Is  valuable  for 

measurement  of  Ionization  potentials  of  large  molecules.  In  addition,  the 

formation  energy  of  any  Ionic  species  formed  by  field  Ionization  can  be 

found  by  regarding  the  onset  energy  deficit  as  an  appearance  potential  In 

the  same  sense  as  In  electron  Impact  and  photon  Impact  experiments.  This 

+ 3 

has  been  pointed  out  by  us  In  the  case  of  formation  . 

These  results  also  he^.p  to  establish  the  role  of  surface-atom  Interac- 
tion and  molecular  polarization  In  field  ionization  energetics.  This  work 
Is  to  be  published  and  Is  currently  being  written  up. 
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25 


V.  CONCLUSION 

Instrumental  problems  have  been  resolved  and  experimental  work  la 
encouraging.  The  current  results  Imply  that  careful  experiments  on  energy 
spectra  above  clearly  delineated  surface  areas  yield  relationships  between 
the  spectra  and  surface  structure.  These  results  should  be  extended  to 
materials  other  than  the  transition  metals  currently  In  use.  Alleys  i 'tm 
a particularly  Interesting  and  Important  system  to  be  experimentally  para- 
meterized. In  addition,  semiconductor  surfaces  should  be  studied.  Results 
should  Involve  the  presence  of  the  semiconductor  band  gap  and  clarify  the 
expected  relation  between  spectra  and  band  structure.  Experiments  are  also 
planned  Involving  field  Ionization  of  cesium  and  barium.  Because  of  their 
low  Ionization  potentials  these  elements  would  Ionize  very  near  to  the 
surface.  The  strong  Interaction  with  the  surface  at  near  distances  would 
manifest  Itself  In  the  energy  spectra. 
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ABSTRACT 

Field  Ionization  energy  spectra  of  toluene,  cycloheptatrlene  and  phenol 
are  reported.  Details  of  the  spectra  are  correlated  id.th  molecular  proper- 
ties. The  Implications  of  the  observation  for  analytical  work  are  discussed. 

INTRODUCTION 

Field  Ionization  has  proven  to  be  a useful  tool  In  the  mass  spectrometrlc 
study  of  organic  molecules.  This  paper  presents  data  which  suggest  techniques 
for  extending  the  Information  obtainable  from  field  Ionization  mass  spectrom- 
etry. High  resolution  energy  analysis  of  field  Ionization  products  provides 
energy  spectra  which  correlate  with  Golecular  properties.  Such  data  can 
potentially  provide  Information  useful  In  Interpreting  mass  spectra  as  well 
as  In  studying  the  field  Ionization  of  molecules. 

Energy  analysis  of  organic  molecular  Ions  created  at  a field  emitter 
has  established  a linear  relationship  between  appearance  potentials  measured 
by  various  techniques  and  energy  distribution  onsets.^  ^ Specifically,  for 
the  parent  Ion,  with  Ionization  potential  I,  a first  order  theory  of  d^iatrl- 
butlon  onsets^  gives  the  onset  energy  deficit,  AE  (l.e.  the  Ion  energy  as 


^1 


where  ({>  is  an  Instrumental  quantity  which  can  be  determined  by  reference  to 

a calibration  sample  such  as  hydrogen.  Fragment  onsets  also  relate  to 

accepted  appearance  potentials  for  field  ionization  of  hydrogen  and  further 
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details  of  the  dissociation  process  are  apparent  In  the  spectra.  * We  here 
present  Initial  results  which  further  demonstrate  the  relationship  of  the 
energy  spectra  to  molecular  structure.  In  addition  to  a characteristic  on- 
set the  width  and  structure  of  the  energy  distributions  relate  to  molect'lar 
properties.  High  resolution  results  on  the  energy  spectra  of  toluene,  cyclo- 
heptatrlene  and  phenol  are  given  and  compared  to  the  results  of  photolonlzatlon, 
photoelectron  spectroscopy,  and  electron  bombardment  techniques. 

EXPERIMENTAL 

Energy  analyses  were  performed  using  a 60*,  12-lnch  radius  of  curvature, 
magnetic  analyzer.  The  practical  energy  resolution  obtainable  with  this 
Instrument  Is  about  1 part  In  10,000.  The  Instrument  features  a bakeable 
ultra  high  vacuum  system,  dual  gas  Inlet,  and  temperature  controlled  source 
(from  A50*  C.  to  liquid  helium  temperatures).  An  electron  bombardment 
source  Is  Included  In  the  Instrument  for  use  as  a conventional  mass  spectro- 
meter. Ions  In  this  experiment  originated  from  a small  area  of  a single 
tungsten  tip.  The  Ions  from  an  Included  angle  of  approximately  7*  are  fo- 
cussed by  an  electric  quadrupole  doublet  onto  the  entrance  silt  of  the 
magnetic  analyzer.  A 20  stage  particle  detector  Is  capable  of  detecting 
Individual  events  or  an  Integrated  current.  Since  low  Intensities  are  ob- 
tained using  single  tip  emitters,  a multlscaler  was  used  to  acquire  digital 
data.  The  address  of  the  multlscaler  was  proportional  to  a slow  sweep  voltage 
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applied  to  the  emitter  as  a small  deficit  of  the  accelerating  potential. 

After  many  sweeps  a statistically  significant  plot  of  the  differential  energy 
distribution  was  obtained. 

The  samples  used  In  this  experiment  were  research  grade  materials  and 
were  vacuum  dlstlllid  before  Introduction  to  the  system.  Electron  bombardment 
analysis  was  used  to  check  sample  purity.  Background  vacuum  In  the  Instrument 
was  of  the  order  of  10“®  Torr  or  better  and  experiments  wer.i  performed  at  room 
temperature.  Ion  energies  were  of  the  order  of  1 KV  with  an  applied  field  of 
about  10®V/cm.  At  the  fields  used.  Ionization  far  from  the  surface  was  not 
appreciable  and  fragmeutatlon  was  negligible.  The  small  tips  used  here  pro- 
I vlded  very  low  Intensities  (of  the  order  of  50-500  lons/second)  so  that 

j digital  accumulation  was  necessary. 

t 

* 

RESULTS  AND  DISCUSSION 

The  existence  of  an  onset  energy  deficit  Is  graphically  depicted  In 
Fig.  1 which  plots  the  number  of  Ion  counts  of  the  parent  Ion  of  a phenol 
sample  versus  a differential  voltage  applied  to  the  accelerating  voltage. 

The  horizontal  scale  Is  hence  related  to  the  energy  deficit  by  an  additive 
quantity.  Data  was  taken  by  obtaining  a field  ionization  beam  and  accumu- 
lating over  repetitive  20  V sweeps  at  constant  magnetic  field  to  obtain  the 
peak  on  the  right.  The  field  Ionization  beam  was  then  turned  iff  and  the 
electron  beam  source  activated.  M«iintainlng  the  magnetic  field  and  static 
portion  of  the  accelerating  potential  constant,  data  was  again  accumulated 
by  sweeps  over  the  energy  deficit.  This  produced  the  peak  on  the  left.  The 
measurement  of  onset  separations  In  this  plot  (approximately  4.2  volts)  is 


not  strictly  a measurement  of  critical  energy  deficit  because  of  small  effects 
due  to  repeller  and  drawout  potentials  (-  0.1  volt)  encountered  in  the  elec- 
tron beam  source.  This  uncertainty  can  best  be  overcome  by  use  of  retarding 
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techniques  which  calibrate  the  energy  deficit  scale  to  within  the  additive 
instrumental  quantity  ^ as  discussed  in  the  Introduction. 

Figure  2 gives  the  energy  distribution  for  toluene  on  a smaller  energy 
scale  than  that  of  Fig.  1.  The  energy  scale  has  been  set  so  that  the  ob- 
served critical  onset  in  volts  numerically  equals  the  accepted  ionization 
potential,  8.82  eV.^^  The  peak  rises  to  its  iraximum  value  in  about  0.6  volts 
from  onset  and  subsides  into  a long  tall.  The  width  of  the  peak  is  approxi- 
mately 1 volt  at  half  maximum,  considerably  broader  than  the  instrumental 
resolution  which  for  the.'ie  cases  is  of  the  order  of  200  millivolts.  The 
width  is  Interpreted  as  due  to  a combination  of:  (1)  "inherent"  width  due 

to  factors  involving  the  metal  surface  structure  and  tunneling  probability 
(2)  width  due  to  the  Involvement  of  excited  ionic  states  in  the  field  ioniza- 
tion process.  We  believe  that  much  of  the  structure  in  the  distribution  is 
due  to  this  latter  effect. 

Figure  3 schematically  portrays  the  presumed  role  of  upper  states  in 

the  spectra.  Figure  3a  gives  the  general  features  of  a field  ionization 

energy  distribution  for  ionization  to  an  upper  state.  The  general  form  of 
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this  peak  as  depicted  has  been  experimentally  verified.  ’ A sharp  rise 
at  onset  is  featured  with  a gradual  tail  at  higher  energy  deficits  due  to  a 
diminished  ionization  probability  for  ions  originating  farther  from  the  sur- 
face. If  a single  excited  state  exists  at  an  energy  e above  the  ionic  ground 
state,  a distribution  as  shown  in  Fig.  3b  would  then  be  expected;  transitions 
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to  the  excited  state  would  produce  a superimposed  second  peak  with  onset  at 
AE  ■ I ^ + E.  Depending  upon  the  value  of  e and  the  Inherent  width  of  the 
two  peaks  In  Fig.  3b,  structure  may  be  evident  In  the  energy  distributions. 
Figures  3c  and  3d  demonstrate  a presumed  correspondence  of  the  field  ioniza- 
tion spectra  to  the  ion  appearance  spectra  obtained  by  electron  bombardment 
and  photoionization  respectively.  The  correspondence  is  determined  by  a 
change  in  the  total  ionization  probability  as  the  energetics  become  favorable 
for  transitions  from  the  ground  state  of  the  neutral  molecule  to  the  acces- 
sible states  of  the  ion.  In  field  ionization  the  parameter  describing  the 
energy  balance  is  the  energy  deficit.  The  energy  deficit  equals  the  energy 
transferred  to  the  metal  via  the  tunneling  electron  and  subsequent  loss  by 
the  ion.  For  the  electron  bombardment  and  photolonlzatlon  cases  the  corre- 
sponding quantity  is  the  energy  loss  of  the  bombarding  particle  which  equals 
the  energy  gained  by  the  molecule.  Figure  3b  gives  an  idealized  representa- 
tion (as  do  Figs.  3c  and  3d)  which  in  general  would  not  be  experimentally 
realized.  High  resolution  photolonlzatlon  data  for  toluene^^,  for  example, 
shows  a gradual  onset  with  several  resolved  ’’steps  . These  features  corre- 
spond well  (with  due  regard  for  statistical  significance  of  the  data)  with 
the  structure  perceptible  in  Fig.  2.  Such  structure  is  reproducible  in  re- 
peated runs  as  long  as  Instrumental  stability  is  not  taxed  by  excessive  data 
accumulation  times. 

Figure  4 gives  the  field  ionization  spectrum  of  cycloheptatrlene  with 
onset  at  the  appropriate  appearance  potentlal^^  (8.28  V).  The  distribu- 
tion has  a sharper  rise  than  toluene  and  differing  structure  in  accord  with 
photolonlzatlon  results. 
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Figure  5 gives  the  field  Ionization  spactruffl  of  phenol.  The  features 

of  this  distribution  compare  well  with  photoelectron  data  taken  by  Baker, 
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May  and  Turner.  In  particular  a second  electronic  state  0.7  eV  above  on- 
set was  observed  by  them  which  correlates  with  the  unresolved  structure  around 
10  volts  In  Fig.  5. 


CONCLUSIONS 

The  parent  field  Ionization  energy  distributions  show  structure  which 
In  part  can  be  attributed  to  the  vibrational  and  electronic  excitation  of  the 
molecular  Ion.  The  Ionization  onsets  can  be  measured  and  compared  with  Impact 
data.  These  two  attributes  of  the  spectra  can  be  utilized  for  Investigations 
concerning  the  field  xonlzatlon  process,  study  of  molecular  structure,  or  as  a 
tool  In  analytical  work.  For  example,  the  two  mass  Isomers,  toluene  and  cyclo 
heptatrlene,  can  be  readily  distinguished  In  analysis  of  field  Ions  by  the 
difference  In  onset  energies  (0.54  volts). 

Ions  formed  by  fragmentation  and  surface  reactions  also  have  energy 
spectra  characteristic  of  their  formation  process  and  Internal  structure. 
Fragment  Ions  have  onsets  characteristic  of  the  fragmentation  energy  In- 
volved and  have  distributions  differing  In  shape  and  extent  from  parent 
spectra,  a property  understandable  on  the  basis  of  the  kinetics  of  fragmen- 
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tatlon.  Surface  reactions  on  the  other  hand  such  formation  or 

Ionization  from  liquid  layers^^  show  a narrow  peak  Indicative  of  Ionization 
only  very  near  the  surface  and  with  onsets  related  to  formation  energies. 

Such  characteristics  can  be  utilized  in  analysis  work  (e.g.  by  selective 
energy  retardation)  to  simplify  end  aid  In  Interpreting  mass  spectra. 
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Further  investigation  of  the  relation  between  field  ionization  energy 
spectra  and  molecular  structure  is  being  accomplished.  In  particular  it  is 
necessary  to  determine  the  extent  to  which  the  surface  structure  modifies 
the  distribution  charactersitics.  For  example,  differences  in  the  number 
of  surface  atoms  sampled  (i.e.,  size  of  the  emitting  surface  utilized)  and 
crystal  plane  viewed  affect  the  distribution  details  and  in  some  cases  the 
species  formed.  Work  is  also  necessary  to  establish  the  spectra  of  multiple 
emitters  which  are  a necessary  component  of  practical  field  ionization  analy- 
sis systems. 
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FIGURE  CAPTIONS 


Fig.  1 


Fig.  2 


Fig.  3 


A plot  of  the  parent  Ion  intensity  for  phenol  per  unit  energy 
Interval  In  arbitrary  xmlts  on  the  verltcal  scale  and  energy 
deficit  on  the  horizontal  scale.  The  figure  Illustrates  the 
existence  of  a critical  energy  deficit  and  places  an  upper  limit 
to  Instrumental  resolution. 

A plot  of  the  parent  Ion  Intensity  for  toluene  per  unit  energy 
Interval  In  arbitrary  units  on  the  vertical  scale  and  energy 
deficits  In  volts  on  the  horizontal  Lcale.  The  energy  deficit 
scale  has  been  adjusted  so  that  the  critical  onset  energy 
deficit  numerically  equals  the  Ionization  potential  In  electron 
volts. 

Comparison  of  threshold  of  Ionization  onsets  for  field  Ioniza- 
tion, electron  Impact  Ionization  and  photolonlzatlon.  The 
horizontal  scales  are  the  appropriate  energy,  l.e.  energy 
deficit,  electron  energy  or  photon  energy  In  arbitrary  units. 
The  vertical  scales  are  ion  Intensity  In  arbitrary  units. 

a)  Energy  distribution  of  Ions  from  field  Irnlzatlon.  An 
abrupt  onset  at  energy  I - Is  followed  by  subsiding  Intensity 
for  Ionization  to  a single  state  of  the  Ion. 

b)  Field  Ionization  energy  distribution  like  (a)  except  two 
states  of  the  Ion  are  accessible,  the  second  an  energy  e above 


the  ground  state. 


c)  The  threshold  low  for  electron  Impact  is  approximately  a 
linear  increase  in  intensity  with  energy.  The  accessibility 
of  a second  state  at  an  energy  e above  the  ground  state  would 
cause  a break  in  the  curve  and  a change  in  slope. 

d)  The  threshold  law  for  photo ionization  is  approximately  a 
step  function.  In  the  case  of  two  accessible  states  the  ion 
intensities  add  to  give  the  step  structure  indicated. 

Fig.  A A plot  of  the  parent  ion  Intensltj  for  cycloheptatrlene  per 

unit  energy  interval  in  arbitrary  units  on  the  vertical  scale 
and  energy  deficits  in  volts  on  the  horizontal  scale.  The 
energy  deficit  scale  has  been  adjusted  so  that  the  critical 
onset  energy  deficit  numerically  equals  the  ionization  poten- 
tial in  electron  volts. 

Fig.  5 A plot  of  the  parent  icn  intensity  for  phenol  per  unit  energy 
interval  in  arbitrary  units  on  the  vertical  scale  and  energy 
deficits  in  volts  on  the  horizontal  scale.  The  energy  deficit 
scale  has  been  adjusted  so  that  the  critical  onset  energy 
deflcl  numerically  equals  the  ionization  potential  in  electron 
volts. 
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